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Abstract 
The research on nanocomposite coating has been quite intensive in the past decade. The main goal of this research is study of  
effect of pulse frequency on properties of functionally graded Ni/Al2O3 nanocomposite coatings produced by ultrasound-assisted 
pulse electrodeposition. By changing the pulse frequency from 100 to 400 Hz during electrodeposition process, particle content 
in cross section of composite coating significantly was increased. The morphology of these coatings studied by scanning electron 
microscopy (SEM) that showed the content of nanoparticles in coatings was increased by decreasing duty cycle and frequency. 
Moreover, tribological behavior of these coating evaluated by the pin-on-disc type wear tester and Vickers micro-hardness 
instrument. The results showed changing the duty cycle 80 to 20% in the frequency 100 and 400 Hz, microhardness through 
coating increased while increasing frequency decreased microhardness of coating. By increasing frequency, the wear rate of 
coatings significantly increased. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of UFGNSM15. 
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1. Introduction 
With advances in materials industry, metallic coating can no longer meet the needs of modern industry, in order 
to enhance mechanical and electrochemical behavior of engineering coating so composite coating are developed. 
The metal matrix composite coatings (MMCs) are the type of composite coatings that a second phase dispersed in 
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the metal matrix, Gül et al. (2009), Gül et al. (2012). These coatings are advanced coatings that have been attended 
in recent decades due to their unique properties such as wear, Bahrololoom and Sani (2005), Vaezi et al. (2008), 
corrosion and oxidation resistance, Vaezi et al. (2008), Hasannejad et al. (2013) and magnetic properties, 
Hasannejad et al. (2013). In addition, the functionally graded coatings have been developed as advanced coating in 
modern industry in the late 1980s, Wang et al. (2004), Dong et al. (2006). It has been reported that these coating 
reduces delamination and fragmentation of substrate because of not changing properties immediately and rapidly, 
Kim and Yoo (1998), Wang et al. (2004), Dong et al. (2006). The functionally graded coatings are produced by 
various methods such as powder metallurgy, chemical and physical vapor deposition, thermal spraying and 
electrodeposition. The electrodeposition method is easier and cost less than other methods, Banovic et al. (1999). In 
this method, parameters such as current density, agitation and particle content in the bath are the effective main 
factors. The higher microhardness  and heat resistance of nanocomposite compare to conventional coatings as the 
nanoparticles are trapped in grain boundary that prevents recrystallization at high temperature and dislocations 
movement, Gül et al. (2009), Lajevardi and Shahrabi (2010). To produce nanocomposite with high-quality, 
nanoparticles should be uniform and homogeneous distribution in the coating. It is possible only under certain 
conditions such as the use of suitable surfactant, ultrasound, Zheng and An (2008) and magnetic agitation, Zheng 
and An (2008), Kim et al. (2010), Xiaowei et al. (2011). The effect of ultrasonic agitation during plating process has 
been studied by many researchers. The functionally graded Ni/Al2O3 nanocomposites were deposited on the mild 
steel from nickel watts bath with an aluminum oxide nanoparticles concentration of 50 ݃ݎǤ ܮିଵ  as a reinforcing 
phase. The effect of pulse frequency on the amount of particle in coating, wear resistance and microhardness was 
studied.  
2. Experimental procedure  
In this work, the functionally graded Ni/Al2O3 nanocomposites were deposited from watts bath with an alumina 
nanoparticles concentration of 50݃ݎǤ ܮିଵ  . The plating bath composition and operating conditions have been 
presented in table 1. Fig.1 shows the transmission electron microscopy (TEM) image of Al2O3 nanoparticles. 
Table 1. Bath composition and plating conditions. 
 Composition                                                                  condition 
ܰ݅ܵ ସܱǤ ͸ܪଶܱ                                                                  250݃Ǥ ܮିଵ 
ܰ݅ܥ݈ଶǤ ͸ܪଶܱ                                                                   40݃Ǥ ܮିଵ 
ܪଷܤ ଷܱ                                                                              35݃Ǥ ܮିଵ 
ܣ݈ଶ ଷܱparticles                                                                 50݃Ǥ ܮିଵ 
sodium dodecyl sulfate (SDS)                                         0.03݃Ǥ ܮିଵ 
Magnetic stirring during electrodeposition                     150 rpm 
Ultrasound agitation during electrodeposition                 80 w 
Time plating                                                                     3h  
Temperature (Ԩ)                                                              50േ2 
pH                                                                                     4േ0.3 
                                                      
  Mild steel sheets with dimensions of 0.1 × 2.5 × 8 cm prepared as cathode. Cathodes were polished by fine emerge 
paper from 180 to 1200 grade, then electrolytically degreased in electrolyte of water with detergents for 15 min, 
finally pickled in a 1o% sulfuric acid for 7 second and washed in distilled water. A high purity nickel sheet was used 
as the anode. Before electrodeposition, nanoparticles was suspended by ultrasound homogenizer (TOPSONIC 400w, 
20 kHz). The samples were deposited at 5 ܣǤ ݀݉ିଶ average current density with continues duty cycle from 80 to 
20% at the 100 and 400 Hz. Details of pulse parameters for these samples are presented in table2. 
500   H. Siahpoosh et al. /  Procedia Materials Science  11 ( 2015 )  498 – 502 
 
Fig. 1. TEM image of Al2O3 nanoparticles. 
                                    Table 2. Deposition conditions used to study fabrication of the functionally graded coatings. 
݅௔ሺܣǤ ݀݉ିଶሻ Ɵ (%)ƒ (Hz)Sample
580-20 (continuos) 1001
580-20 (continuos)4002
 
The surface morphology of cross section of these functionally graded coatings was investigated by a field 
emission scanning electron microscope (FE-SEM TESCAN MIRR3 LMU). The wear behavior of the samples was 
evaluated by using the pin-on-disk type wear tester accordance with ASTM G 99, So that carry out under a 3-kgf 
load at room temperature in the air with sliding speed 95 rpm. The micro-hardness of the functionally graded 
coatings was determined by a Vickers micro-hardness instrument at an applied load of 50g for 15s. 
3. Result and discussion 
3.1. Morphology 
Figure 2 shows the distribution of nanoparticles across the coatings. Moreover, by increasing frequency from 100 
to 400 Hz, content of nanoparticles in the coating was increased more than 1.5 times. In addition, content of the 
nanoparticles was increased from substrate to coating surface. 
 
  
Fig. 2. SEM images of cross section of samples produced under continuous duty cycle 80-20% at frequency (a) 100 Hz; 
and (b) 400 Hz. 
(a) (b) 
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Fig. 3. Effect of frequency on the microhardness of layers of samples from substrate to coating surface that produced 
under continuous duty cycle 80-20% at frequency 100 and 400 Hz. 
3.2.  Microhardness  of the functionally graded coatings coatings 
Figure 3 shows the changes of microhardnenss of layers for the functionally graded coatings fabricated at same 
continuous duty cycle (20-80%) and different frequency 100 and 400Hz. In general, microhardness  of each layer 
can be depend on a) microstructure of metal matrix such as metal grain size and crystal orientation b) particle 
content and distribution(Aal 2008). As seen in Fig. 3, microhardness of each layer the functionally graded 
nanocomposite coatings from substrate to coating surface generally was increased. Microhardness from substrate to 
coating surface is increased because of changing the texture of the coatings to preferred orientation and increasing 
the content of nanoparticles. By increasing frequency, the microhardness of the each layer of the functionally graded 
nanocomposite coatings was decreased. This result can be related to the effective influence of the microstructure of 
nickel matrix on microhardness rather than the content of nanoparticles.  
3.3. Wear resistance of the functionally graded nanocomposite coatings 
Figure 4 shows the effect of frequency on wear rate coatings produced at continuous duty cycle 80-20%. By 
increasing frequency from 100 to 400 Hz, the wear resistance of Ni/Al2O3 nanocomposites decreased.  Chen et al. 
showed that the wear resistance of composite coatings was effectively influenced by the microstructure of metal 
matrix and the presence of nanoparticles has negative effect on wear resistance under dry sliding wear. 
Fig. 4. Effect of frequency on wear rate of coatings produced at continuous duty cycle 80-20%. 
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4. Conclusion 
The functionally graded Ni/Al2O3 nanocomposite coatings were prepared by the ultrasound-assisted pulse 
electrodeposition. This work evaluated the effect of frequency on the morphology, tribology and microhardness of 
the functionally graded nanocomposite coatings produced at same continuous duty cycle 80-20% and different 
frequency 100 and 400 Hz. The increasing of frequency has effective influence on the content and distribution of 
nanoparticles in the nickel matrix. By increasing the frequency, the content of nanoparticles in the nanocomposite 
and wear rate in the dry sliding wear were significantly increased and the microhardness of layers was decreased.  
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